Abstract-A design methodology for a multi-band phase shifter using a metamaterial-based transmission line was developed. This method is different in that the loaded-line phase shifter has a phase shift of 90
I. INTRODUCTION
Phase shifters are used in several different microwave and RF applications, including phased-array antennas, radar systems, and phase-noise measurement systems. The current research on metamaterial-based phase shifters is very limited. The research relies on simulations to provide the values for the metamaterial portion of the phase shifter, a method that can be prone to errors. The methodology developed here provides analytically computed values for the metamaterial transmission line before the circuit is simulated. These values were validated with both simulation and measured results.
A. An Introduction to Metamaterials
Metamaterials are artificial media with properties not readily available in nature. Examples of metamaterials include electromagnetic band gaps, artificial magnetic conductors, and double-negative or left-handed materials [1] . Double-negative or left-handed materials have both a negative permittivity and permeability, giving a negative phase velocity.
The left-handed transmission line was fabricated using lumped-element components (series capacitors and shunt inductors). With the parasitic nature of these components, a pure left-handed transmission line cannot be realized. Instead the line is a combination right/left-handed (CRLH) transmission line. At low frequencies the CRLH transmission line will function as a left-handed line and at high frequencies it will function as a right-handed line.
The design equations for a left-handed transmission line are developed by analyzing an infinite periodic transmission line with series and parallel loads as shown in Fig. 1 [2] . 
B. Loaded Line Phase Shifter
The loaded-line phase shifter (Fig. 2) was selected since it can have a broad range of phase shifts and the phase shifts are not confined to set values. Step 1: Determine the desired phase shift at each frequency f 1 = 915 MHz and f 2 = 2450 MHz is φ(f 1 ) = 90
The total phase shift is equal to the sum of the phase shift from the right-handed and left-handed transmission lines, or
and
where N is the number of sections in the CRLH transmission line. Setting
the values for P and Q are calculated, and the results are: P = 4.6680 × 10 −10 s and Q = 1.0465 × 10 9 1 s .
Step 2: Choose a value for N in the equation. φ L is the unit cell phase shift. N is arbitrarily chosen as 5; therefore,
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Step 3: Use the Q and N values to determine the L L and C L product. Thus,
The result is:
Step 4: Solve for L L and C L with the L L C L product and the selected characteristic impedance Z 0L = 50 Ω yields:
and C L = 6.0836 × 10 −12 = 6 pF.
Step 5: Use P f 1 or P f 2 to obtain the electrical length of the right-handed transmission line (RHTL). P was defined in (5) and f 1 and f 2 are the center frequencies of the two bands of interest (915 MHz and 2450 MHz). Electrical length is defined as the length of a transmission medium expressed as the number of wavelengths of the signal propagating in the medium. Note that the electrical length is in general different from the physical length.
The electrical length was calculated to be 24.5
• . With the electrical length determined, the length and width of the righthanded transmission line is calculated. Linecalc, from ADS, was used to determine these values. The material parameters were obtained from the data sheet of the printed circuit board (pcb) material that was selected for this project (Rogers RO4003C) as shown in Table I . Linecalc gave the results for the two transmission lines in Table II. The line impedance and capacitance values for the different phase shifts were calculated at the two center frequencies (f 1 = 915 MHz and f 2 = 2450 MHz) using (13) through (17). The phase shift values went from 10
• to 45
• in 5
• steps. The impedance and electrical length of the transmission line was set at 50 Ω and 90
• . The admittance of the transmission line with a phase shift is given by
and the shunt admittance is
The reactance of the phase shift capacitance is
The capacitance values at the two center frequencies are
The results are listed in Tables III and IV. 
C. Simulation
The simulation software that was used is Agilent's Advanced Design System (ADS). Specifically, the linear component simulation engine and the 2.5-D electromagnetic simulation engine were used. Murata Electronic capacitor and inductor models were used for the lumped components and Infinion S-Paramater files were used for the varactor diodes at various bias voltages.
The simulation schematic is shown in Fig. 3 . The simulation results for phase shift, insertion loss and return loss for different values of bias voltages are shown in Tables V and VI. 
D. Testing and Results
The board (Fig. 4) was connected to the network analyzer and DC bias was applied. The phase shift for each bias voltage is shown in Table VII. The insertion loss and return loss for each bias voltages is shown in Table VIII . II. CONCLUSION
The performance of the phase shifter was good to excellent. The design procedure is easy to follow and the results are close to the optimized component values that were obtained from the simulation program. 
